ABSTRACT. This paper includes a brief history of the calibration of the radiocarbon time scale from the first recognition of the necessity of calibration in 1962 to INTCAL98. Thirty-six years of effort by dendrochronologists and the 14 C community have pushed the tree-ring calibration back to 11,854 yr BP. All of this part of the calibration has been done by high-precision beta counting. Uranium-thorium (U-Th) dating of coral samples coupled with accelerator mass spectrometry (AMS) measurement of 14 C has extended a fairly detailed calibration back beyond the Bølling warm episode to 15,000 BP. Earlier than 15,000 BP, piecewise linear approximation extends INTCAL98 calibration to 24,200 BP.
Hessel de Vries (1958 Vries ( , 1959 was the first to provide evidence for preindustrial secular variation of atmospheric 14 C. His data showed an increase in 14 C during what we now refer to as the Maunder Minimum, but an offset was apparent in the comparison of measurement on tree rings from Colorado and Germany. When corrected for isotope fractionation the offset was removed and the combined data demonstrated an increase of about 15‰ during the Maunder Minimum (Lerman et al. 1970) . The "De Vries effect" (Damon and Long 1962) was soon confirmed (Broecker and Olson 1959) and it was demonstrated that the De Vries effect wiggles are superimposed on a higher amplitude longer trend (Ralph and Stuckenrath 1960; Suess 1961; Damon et al. 1963) . At the same time precise and accurate determinations of the 14 C half-life were being made (Mann et al. 1961; Watt et al. 1961; Olsson et al. 1962) . A new half-life was confirmed at the 5th Radiocarbon Conference held at the University of Cambridge in 1962 (Godwin 1962) . The new half-life of 5730 ± 40 yr was significantly different from the Libby half-life of 5570 yr. The question raised at that conference was how to report dates in the future.
The first author (PED) attended that conference and he pointed out the problem in agreeing on the value of the curie, which was tied to the disintegration rate of a gram of radium. At each conference someone had determined a new disintegration rate. After numerous conferences, it was agreed to detach the curie from the activity of radium and arbitrarily fix it at 3.7 × 10 10 dps. The senior author could visualize the confusion of reporting 14 C dates with a new half-life and setting precedent for future changes when it was clear that, even with the new half-life, 14 C years would not be exactly equal to calendar years! It seemed best to retain the Libby half-life and make the best correction to the calendar years available at the time of publication. Fortunately, there was general agreement on this procedure and the announcement by Godwin (1962) made it official. The importance of calibration became very evident.
By the time of the 12th Nobel Symposium, which was held 11-15 August 1969 (Olsson 1970 ) a 7484-yr bristlecone pine chronology had been developed by Ferguson and the 14 C trend curve had been extended by the Arizona and Pennsylvania laboratories back to the beginning of the 5th century BC showing that 14 C dates with the Libby half-life were about 800 yr younger than calendar years. The new half-life would correct for only 180 yr of the discrepancy. In addition, the three major causes of atmospheric 14 C fluctuation had been identified. These were: 1) changes in the intensity of the geomagnetic dipole moment, 2) heliomagnetic modulation, i.e., modulation by the magnetic field imbedded in the solar wind, and 3) changes in the carbon cycle. A prescient article by Lingenfelter and Ramaty (1970) also included the production of 14 C by solar flares and supernova.
Two plates were included showing the available and reasonably reliable calibration data. Plate I included only the La Jolla data back to around 2200 BC showing what would later be referred to as the Suess wiggles (De Vries effect) with a calibration curve drawn by eye with his famous "Cosmic Schwung". The second was a plot of all the other data. The Arizona, Groningen, and Pennsylvania laboratories data were published in the symposium volume. All of these were normalized to the international standard NBSI. In addition, the data from Cambridge, Copenhagen, and Heidelberg (Willis et al. 1960) , for tree rings from AD 659 to 1859, were included. Incidentally, their paper was the first to suggest a 200-yr cycle. The publication of this data gave rise to many smoothed and wiggly calibration curves. Actually, these calibration curves were adequate enough to justify Renfrew's (1973) declaration of a second revolution in 14 C dating. The first occurred when 14 C dating proved the greater antiquity of the European and Near East Neolithic period, setting its beginning some 3000 yr earlier than previously hypothesized within the traditional "short chronology". 14 C dating was instrumental in introducing a long chronology. The second revolution took place when the calibration of dates obtained on archaeological materials indicated that the European cultures did not postdate the Middle Eastern cultures as the diffusionists predicted. The second revolution was harder to accept than the first. A third revolution occurred with the advent of the determination of 14 C by accelerator mass spectrometry (AMS) in 1977 (Nelson et al. 1977; Bennett et al. 1977) . The new technique would make possible the 14 C dating of sub-milligram samples of 14 C and more rapid analysis. This allowed for greater selectivity in sampling and the dating of minute samples that cannot be dated by beta counting. Nevertheless, calibration by beta counting would continue because of the high precision obtainable with sufficiently large samples.
During the subsequent decade following the 12th Nobel symposium a dozen or so calibration schemes were published. This resulted in considerable confusion in the literature. Consequently, the National Science Foundation (NSF) funded a workshop held in Tucson during the winter of 1979. The purpose was to arrive at a single 14 C calibration scheme involving graphs and tables. Twentyone people attended including representatives of laboratories funded by the NSF, dendrochronologists and statisticians. Although the De Vries effect had been amply verified for the last millennium, no single De Vries fluctuation or "Suess wiggle" had been confirmed by two or more laboratories prior to the last millennium. Consequently, a second goal was to verify the Suess wiggles prior to the last millennium. This was particularly important because of the significance of the De Vries effect for solar physics ).
There was clear evidence of the continuation of the "Suess wiggles" (De Vries effect) back to 5000 BC. All but a few of the larger "Suess wiggles" were confirmed. However, although four of the laboratories calibrated to the NBS oxalic acid international standard agreed within ± 0.3‰ (± 2.5 yr) of the average of the four (Arizona, Groningen, Pennsylvania, and Yale), one laboratory (La Jolla) that calibrated to a laboratory standard diverged from the average by 6‰ (49 yr too old). Consequently, a correction was required ). Details of the resultant calibration are given in Klein et al. (1982) . The calibration was based on 1154 sampler of dendrochronologically dated wood from the five laboratories previously mentioned. The calibration was presented both as graphs and as a table with 14 C dates every 10 yr and 95% confidence ranges for 6 different measurement standard deviations. This calibration scheme served for only 6 yr. Beginning with Pearson et al. (1977) and De Jong et al. (1979) , a shift had begun to higher precision calibration about ±2‰. The first calibration issue of Radiocarbon (Stuiver and Kra 1986) included high precision data from six laboratories (Arizona, Belfast, Groningen, Heidelberg, Pretoria, and Seattle) and a computerized 14 C age calibration (Stuiver and Reimer 1986) . Measurements on dendrochronologically dated German oak and US bristlecone pine extended the calibration back to 7200 BC (9150 BP). A more detailed account of the history of calibration of 14 C dates by dendrochronology through the first calibration issue in 1986 may be found in Damon (1987) .
The second calibration issue of Radiocarbon (Long et al. 1993) included an attempt to push the German oak and pine chronology back to 11,400 BP (Becker 1993) , corrections to the Belfast 14 C data (Pearson and Qua 1993) and to the Seattle data (Stuiver and Becker 1993) , plus comparison of AMS measurement of 14 C and thermal ionization mass spectrometry (TIMS) measurements of 230 Th and 234 U on coral to provide a first-order calibration of the 14 C time scale back to 30,000 yr (Bard et al. 1993) . A controversial shift of 20 yr older in the Belfast data resulted from the removal of two standards that were suspect. The correction in the Seattle data for radon was time dependent resulting in an age increase of only 10 14 C yr for samples a few hundred years old, an increase of 30 yr for 4500-yr-old samples. Fortunately, careful records were maintained which permitted accurate corrections to be made. The first-order calibration of the 14 C time scale by U/Th-14 C measurements on coral was a new very important development. 14 C dates were shown to be too young by 4600 ± 600 (2 σ) yr at 30,000 yr or a depletion of about 550‰. The authors point out that this confirms paleomagnetic evidence for a very low dipole field intensity at that time. However, they estimate that 10-20% of the discrepancy between the two chronometers may involve changes in the carbon cycle.
The Calibration 1993 issue of Radiocarbon was followed 5 yr later by the INTCAL98 calibration issue of Radiocarbon (Stuiver and Van der Plicht 1998). The most significant development in the dendrochronologic calibration of the 14 C time scale was in the Hohenheim oak chronology (Spurk et al. 1998 ) that was found to be in significant error prior to 5242 BC (pre-7192 BP). Correction of these errors resulted in a shift toward older ages of 41-yr pre-5242 BC (pre-7192 BP) and a shift of 95 year (41 + 54) pre-7792 (pre-9742 BP). Thus, after much labor over 40 yr, an improved dendrochronologically dated time scale was being forged.
However, as has been said, "the devil is in the details". It has become increasingly apparent that a global 14 C time scale accurate to better than ±50 yr is not possible due to hemispheric and regional offsets. A short review of the literature on this subject was given by Stuiver et al. ( :1045 ). Three processes have been reported to produce a measurable regional change in the 14 C/C ratio of the atmosphere. There is a latitude effect (Braziunas et al. 1995) , costal upwelling (Damon et al. 1989 and thawing of frozen earth (Damon et al. 1996) . The latitude effect is negligible from the Equator to the Arctic Circle but increases from the equator to around 65°S where it has been calculated to be −6‰ (50 yr too old) (Braziunas et al. 1995) .
However, in regions of coastal upwelling, such as western South Africa, depletion can be greater than the predicted latitude effect. More or less strong westerly winds result in an Ekman spiral (Kennett 1982) . The spiral upon reaching the coast of Southern Africa results in the strong Benguela current that produces divergence and upwelling of deepwater rich in nutrients and 14 C-depleted CO 2 . If the upwelling is sufficiently strong and continuous it can reduce the 14 C/C ratio in the prevailing air mass sufficiently enough for the depletion to be measured in tree rings. So far, we have measured 44 (±3‰) single-year tree rings of Widdringtonia cedarbergensis from Die Bose, Cape, South Africa . These measurements are compared with the same years from trees (4 Douglasfirs and 1 Noble fir) growing in the Pacific Northwest ). The results from 1794 to 1829 are in close agreement with the predicted latitude effect of 2.9 ± 0.5‰. However, following 1829 there is a rapid decrease to very low values with an average depletion for the 8 yr from 1830 to 1837 of 9.4 ± 0.8‰ (78 ± 7 yr). The latitude effect alone would only account for about a 24-yr decrease in age. However, the frame of reference is to the Pacific Northwest where coastal upwelling also takes place (Kennett 1982) . The climatic implications are interesting but detailed discussion is beyond the scope of this paper.
Data published by Vogel et al. (1993) in Calibration 1993 show that depletion in excess of the latitude effect continued until 1890 after which the situation is complicated by the Suess effect. Their data from 1853-1890 show a depletion of 5.5 ± 0.6‰ compared to the predicted latitude effect of 3.1 ± 0.5‰ leaving an excess due to upwelling of 2.4 ± 0.8‰. Thus, upwelling significant enough to deplete the prevailing air masses in 14 C continued from 1830 to 1890 or a duration of 60 yr. As a consequence, westerly winds must have driven the Ekman spiral and Benguela current more intensely.
Another very significant aspect of INTCAL98 is further contributions to the extension of the 14 C time scale by U/Th and 14 C measurements on coral. There is good agreement between the tree-ring and coral data with the corrected dendrochronology. Bard et al. (1998) point out that ages beyond U/ Th calibrated 10,000 BP including the two points at U/Th age 41,100 ± 50 BP and 30,230 ± 160 BP can be approximated by a simple linear equation: [cal BP] = 1.168 × [ 14 C-age BP]. A second-order polynomial provides a better fit. Significant fluctuations from a linear trend can be seen in the coral data of Bard et al. (1998) and Burr et al. (1998) . Figure 5 of Burr et al. (1998) shows unacceptable divergence between the tree-ring data and varve data from Sweden (Wohfarth 1996) and Lake Go ci¹¿ in Poland (Goslar et al. 1995) but much closer agreement with Cariaco marine varve data (Hughen et al. 1998 ). Because of this, only the Cariaco varve data were included in INTCAL98. The various corrections and adjustments necessary to arrive at the INTCAL data base are described in detail by . The resultant data merged in decadal intervals and presented in per mil differences are shown in Figure 1 below. Terrestrial varve chronologies are planned to be discussed in a future calibration issue of Radiocarbon.
Calibration Curve and its Fine Structure
The ∆ 14 C versus calendar age in Figure 1 can be divided into three parts. Prior to 9846 BC, the curve is dependent on the coral data and varve data from the Cariaco Basin. Prior to 5242 BC there are significant changes in the Hohenheim dendrochronology, and after 5242 BC, there is no change in the dendrochronology. Work on the ∆ 14 C of coral began during the last decade of the 20th century, whereas data using dendrochronologically dated tree rings has been obtained over about four decades. The resultant trend is generally considered to be from changes in the intensity of the Earth's dipole moment and the decay of a large inventory of 14 C accumulated as a result of a very low average dipole moment during most of the preceding late ice age. However, point out that the pronounced minimum of the coral ∆ 14 C and pronounced maximum of δ 18 O occurs during the Bølling warm episode. This demonstrates that climate induced changes in the carbon cycle are an important factor during the Ice Age.
The Suess wiggles around the trend have been referred to as the fine structure (Damon et al. 1989 ).
The inset in Figure 1 shows the last millennium of data unfiltered. Observation of sunspots have demonstrated the absence or dearth of sunspots during the Maunder Minimum (Eddy 1976) . The absence of sunspots is associated with a much lower solar wind intensity and an increase in the cosmic-ray intensity and consequent neutron flux that produces 14 C by the reaction 14 N(n,p) 14 C. Thus the magnetic field imbedded in the solar wind has an effect similar to the Earth's dipole field intensity. Both deflect cosmic rays from reaching the Earth and so there is both geomagnetic and heliomagnetic modulation of the neutron flux and consequent production of 14 C and other cosmogenic isotopes. The relationship with 14 C production is the inverse. Low solar activity or dipole field intensity is associated with an increase in 14 C production. Consequently, the Maunder Minimum of solar activity results in high ∆ 14 C (De Vries effect) during the Maunder Minimum. Other 14 C maxima in the fine structure have also been associated with solar activity; these are named after astronomers (Oort, Wolf, Spörer, Maunder, and Dalton). The Oort and Wolf minima are separated by the Medieval Solar Maximum, which is contemporaneous with Lamb's Late Medieval Warm Epoch (Lamb 1965) . On the other hand, the Maunder Minimum has been associated with cooler climates by various authors. Consequently, there is the possibility of an irradiance component associated with the 14 C Maxima and Minima (Eddy 1977) .
Spectral Analysis of ∆ 14 C Variations in the INTCAL98 Data
The ∆ 14 C obtained from coral is not yet at a stage that warrants spectral analysis. The dendrochronologically dated ∆ 14 C data extend back to 11,854 BP. However, there are still a few gaps in the record prior to 7195 BC. Consequently, we confine spectral analysis to the data from 7195 BC to AD 1895.
Figure 1 ∆ 14 C data back to 16,000 BP. The curve is based on INTCAL98 tree-ring data back to 11,854 BP. Prior to that the curve is based on marine data (coral and varves). The inset shows the unfiltered ∆ 14 C data for the last millennium. The ∆ 14 C maxima (solar activity minima) are named after unfiltered ∆ 14 C data for the 1st millennium. The ∆ 14 C maxima (solar activity minima) are named after astronomers. The Medieval Solar Maximum occurs between the Oort and Wolf Minima of solar activity.
Before analyzing the ∆ 14 C data for significant periodicities in the fine structure, some pre-processing is required. It is necessary to remove the long-term trend which is thought to be due to the result of change in the intensity of the geomagnetic dipole moment. To calculate the long-term trend, lowpass filtering is required. For the purpose of low-pass filtering we chose a smoothing spline algorithm (Cook and Peters 1981) . This method unlike the cubic interpolating spline, approximates the observational data (y i , i = 1,...,n) with rescaling weights δy i through minimizing the following functional (Reinsch 1967): (1) under the constraint (2) where S is some given parameter specifying scaling.
An advantage of this smoothing spline as a digital filter is monotony of its magnitude frequency response, which means it does not have ripples and, therefore, it produces no artificial peaks in Fourier spectrum. Moreover, its magnitude frequency response function can be expressed by a simple formula with only one given parameter which, being changed, defines a family of similar curves intersecting only at zero frequency. Hence, it is uniquely defined by specifying its any single point (except, of course, zero frequency). Therefore, one totally determines all properties of the magnitude spectrum of a smoothing-spline filter by specifying its gain (G, %) at some period (T, yr) of interest. Another great advantage of this technique is a zero phase shift (phase frequency response is equal everywhere to zero), which means it does not distort the shape of the signal.
The smoothing spline to get long-term trend is determined by parameters T = 8000 yr, G = 99%. Figure 2 includes the detrended ∆ 14 C data distinguishing the low pass components by smoothing spline (T = 1000 yr, G = 99%) from higher frequency components. [
We used a Welch modified periodogram (Giordano and Hsu 1985) spectral estimator scheme, which uses averaging periodograms of weighted and overlapped data segments of the total record. The purpose of overlapping segments is to increase the number of segments that are averaged for a given data record length (N) and therefore, to decrease the variance of PSD estimate as a statistical variable. To equalize the treatment of most of the data samples, we used symmetric 50% overlap (for L = [N/K] -long segments that gives us 2 ⋅ K-1 segments). Chosen data windows were applied to the linearly detrended data in each segment prior to the computation of the segment periodogram. The purpose of tapered windowing is to reduce the effect of side lobes and to decrease the estimation bias, at the price of a slight (<2) decrease in resolution. We used a Tukey-Hamming window:
where a = 0.08 is data weight at the edges of the tapered window. The Tukey-Hamming window was preferred to the Hanning window (a = 0) because of its somewhat lower ratio of largest side lobe to main lobe amplitudes (-43 dB compared to -32 dB), whereas it has the same main lobe width 8π/L rad (Cadzow 1987) . For the purpose of spectral peaks comparison, we plot spectra here as the square root of spectral power density. Unless otherwise specified, the method used will be the above described Welch's weighted overlapped segment averaging (WOSA) spectral estimator.
It is well established that changes in the "great ocean conveyor belt" (Broecker 1991 ) resulted in climate instability during the Last Ice Age and consequent changes in the carbon cycle. In contrast, Holocene climate has been relatively stable on a scale of the North Atlantic hydrologic cycle (e.g., see Figure 1 in Dansgaard et al. 1993) . However, during the transition period following the Younger Dryas (ca. 9700 BC), the spline data in Figure 2 follows rather large fluctuations of the fine structure. This might suggest significant changes in the carbon cycle modulating 14 C. However, Figure  14 in shows no reflection in the GISP2 δ 18 O record for the large peak at 9050 BC (see Figure 2 in this paper). Consequently, we will assume that during the Holocene the detrended ∆ 14 C data is not dominated by large-scale climate induced changes in the carbon cycle. We will show that changes in solar activity are important as implied by the naming of the ∆ 14 C maxima-solar activity minima after astronomers in the inset within Figure 1 . This does not preclude a synchronous enhancement of the Maunder-type episodes by a Sun-climate component affecting the transfer of carbon from the mixed layer to deep sea. Stuiver and Braziunas (1993) refer to this as a Sun-ocean contribution to atmospheric ∆ 14 C. There is a ∆ 14 C climate correlation. Damon and Jirikowic (1992) and Stuiver et al. (1997) have shown that small changes in δ 18 O in Greenland ice cores correlate with the ∆ 14 C events in Figure 1 inset.
The INTCAL98 calibration curve in Figure 1 is not composed from consecutive decadal samples with the center of each decade spaced by exactly 10 yr. Even in decadal data from the same laboratory there are occasional offsets and samples of different length. Single, 3, 10, and 20-yr data were carefully merged into a decadal sequence. For, example bidecadal data were merged into 2 consecutive decades. Corrections for offsets in specific millennial period of time do not exceed 41 yr. Offsets of laboratories from INTCAL98 are typically < 10 yr, except for the 4th and 5th millennia BC where a few offsets were greater (ca. 20 yr). We have already discussed hemispheric and regional offsets that can be greater than the above millennial offsets, for example, the 60-yr period from AD 1830 to 1890 for trees affected by upwelling caused by the Benguela current off western South Africa. Some "noise" is unavoidable in INTCAL98 but we believe that the signal processing technique discussed above will minimize that.
The Results of Spectral Analysis of Decadal Data Figure 3 presents the results of Fourier spectral analysis. The prominent peak at 88 yr is the Gleissberg cycle (Gleissberg 1944) . We have shown its derivation from sunspot numbers in . From Figure 1 it can be seen it is very prominent in this record of 9 millennia. We can be certain that its origin is solar. The cycle at 207 yr is inferred to be solar because of its relation to the Maunder Minimum of solar activity and other minima and maxima of 14 C production (Damon and Sonett 1991; Stuiver and Braziunas 1993) . There may be also a Sun-climate component as previously mentioned. This period seems to modulate the 88-yr Gleissberg cycle (Jirikowic 1993) as can be seen by the "beat" frequency (correspondent period is equal to 1/(1/88 -1/207) ≈ 150 yr). The 207-yr cycle also has the second harmonic at 104 yr. The Gleissberg cycle appears to be amplitude modulated (AM) by the about 2050-yr Hallstattzeit, as manifested by the two equally spaced side peaks. The Hallstattzeit cycle is enigmatic (Damon and Sonett 1991) . At least for the last three little ice ages in central Europe (Schmidt and Gruhle 1988) it appears to act as a gate with 600-yr high ∆ 14 C variance preceded and followed by 1500 yr of low ∆ 14 C variance (Damon and Jirikowic 1992) . Although it produces symmetric side peaks by AM of Gleissberg cycle, such side bands are not observed on both sides of 207-yr cycle. The 207-yr cycle is always accompanied by a 226-232 yr companion in various analyses but never with the significant 192 yr side peak as would be expected from AM by the Hallstattzeit cycle. This needs further investigation. Stuiver and Braziunas (1993) relate the 512-yr cycle to flux oscillations in the Atlantic Ocean thermohaline circulation. If this is valid perhaps the Hallstattzeit cycle period is also oceanic in origin from internally induced or externally forced oscillations. Pestiaux et al. (1988) have suggested that 10.3 ± 2.2, 4.7 ± 0.8, and 2.5 ± 0.5 kyr periods in the Maximum Entropy spectrum of the planktonic Figure 3 Fourier spectrum of detrended decadal ∆ 14 C data. Note the intense 88-yr Gleissberg cycle with side bands.
and benthic foraminifera may be combination tones of the 41, 23, and 19 kyr periods in the insolation parameters. Their δ 18 O data covers the Last Ice Age. Two of the cores are from the northern Indian Ocean and a third is from the southern Indian Ocean. Stuiver et al. (1997) examined the δ 18 O record in the GISP2 ice core and found the strongest millennial change to be 1470 yr for the interval from 12,000 to 50,000 BP. One of the cores above is close to the west coast of India. Globorotalia menardii, a deeper water foraminifera from that core, is the only record showing a 1.5 kyr period in the δ 18 O record. The upper water foraminifera, Globigerinoides ruber, shows a δ 18 O peak at 2.6 kyr.
Upper water foraminifera from the other 2 cores show periodicities of 2.3 and 2.7 kyr. Obviously, more work will be required to solve this puzzle.
Hyperfine Structure of the ∆ 14 C Secular Variations
The Nyquist frequency cutoff for decadal data is 0.05 yr −1 , i.e. periods only longer than 20 yr can be detected by Fourier analysis. The INTCAL98 data has involved accommodation of 20 yr data. Consequently, the resolution is lower than 20 yr. Even with single-year data, we are limited by the carbon cycle low-pass filtering. The atmosphere contains an amount of 14 C equal to a little more than 100 times the current steady state production rate. Consequently, an increase in production rate of 10% during one year would only result in an increment of 1‰ in atmospheric ∆ 14 C. Thus, the atmosphere acts as a low-pass filter such that the shorter the period of a cycle the stronger the attenuation. The attenuation for an 11-yr cycle is about 70, whereas the change in production rate is about ±10%, consequently the atmospheric ∆ 14 C variation would be about ±1.4‰. Obviously annual data of high precision are required to observe an atmospheric 14 C cycle of this magnitude. Stuiver and Braziunas (1998) report measurement with a precision of < 2‰ of 48 single tree rings dendrochronologically dated from 1897-1994. After removing the trend with a cubic spline the average amplitude of the measured about 11 yr (Schwabe) cycle was ± 1.25‰ with an average lag time of 1.8 yr in reasonable agreement with theoretical expectation. Damon et al. (1998) are studying the Medieval Solar Maximum that occurs between the Oort and Wolf Minima. It seems to be the closest analog to the Contemporaneous Solar Maximum (Damon and Jirikowic 1994) . Measurements are complete between AD 1065 to AD 1300 with a gap remaining between AD 1200 and AD 1238. The gap occurs because of the difficulty of obtaining samples of adequate weight from very thin tree rings that occur in that time interval. We expect to close the gap this winter. Figure 4 shows the results of Fourier analysis consisting of a Discrete Fourier Transform (DFT) of the detrended data from AD 1065 to AD 1200. The Hale cycle occurs at 21.3 yr and the Schwabe cycle at 10.4 yr with side peaks resulting from modulation by the 88 yr Gleissberg cycle. Four harmonics are also present.
As previously mentioned, Lingenfelter and Ramaty (1970) at the 12th Nobel Symposium discussed the production of atmospheric 14 C by supernovae explosions. The detection of such events required high precision and single-year dendrochronologically dated tree rings. Such a record became available in 1981 with a slight revision in 1998 (Stuiver and Braziunas 1993; . We searched the data that extended back to AD 1510 and found no evidence for the Tycho Brahe (1572) and Kepler (1604) Supernovae in the data. This is not surprising considering the distance from the Earth of these events (10,000 and 26,000 light-years). For this reason we chose SN1006AD for a pilot study because it exploded at a distance of 4000 light-years. Up until recently, it was thought to be the closest supernova to Earth. Recently, a young nearby supernova X-ray remnant has been discovered (Aschenbach 1998) . γ -rays from 44 Ti (T 1/2 = 47 yr) have been observed (Iyudin et al. 1998) . Its distance from Earth is estimated to be only about 650 light-years. SN1006AD has been observed to have X-ray, optical, and radio remnants. The remnant is in the form of a shell and it is a known pulsar. According to theory, acceleration takes place within the remnant at some time after the incandescent explosion producing pions that decay to two hard (GeV) γ-rays (Berezinskii and Ginzburg 1990) . Upon reaching the Earth, the γ-rays initiate electron-positron showers. The electrons and positrons have near collisions with atmospheric nuclei emitting bremsstrahlung radiation (γ-rays). The bremsstrahlung γ-rays are ultimately degraded until they fall into a "giant" γ-n, γ-2n cross-section between 10 and 40 MeV. The emitted neutrons are fast but about two thirds are thermalized producing 14 C that oxidizes to 14 CO 2 and participates in the C-O cycle.
We measured the cellulose in tree rings before and after the arrival of light from SN1006AD and have found a distinct pulse ( Figure 5 ) beginning after AD 1008 with a very fast rise time to a maximum between AD 1011-1015. Following AD 1015 the pulse decays as it equilibrates with the biosphere and ocean mixed layer. By AD 1021, ∆ 14 C starts rising to the Oort ∆ 14 C Maximum, which occurs a little over 20 yr later. The peak height of SN1006AD event is 8‰. A ∆ 14 C event from a single enormous solar flare would have a fast rise time but would begin to decay sooner than after the 4-yr maximum. A series of solar flares would not have as fast a rise time. We suggest that this is a unique ∆ 14 C event and no coincidence that it begins only 2 yr after the light from SN1006AD first arrived on 30 April 1006 (Murdin 1985) . 
CONCLUSION
We have come a long way since the fifth Radiocarbon Conference held at the University of Cambridge in 1962. It was at this conference that the 14 C community first became aware of the need for calibration of the 14 C time scale. Thirty-eight years later, after much labor by dendrochronologists and radiocarbon calibrators, we now have a calibration based on analysis of tree rings that reaches back 11,854 yr. All 14 C measurements have been obtained by high-precision beta counting. A combination of varve data and U-Th and AMS measurements on coral carry the calibration back to 15,000 BP. Preceding 15,000 BP, linear approximations stretch the coral calibration back to 24,000 BP. More work on coral calibration is of the utmost importance not only for dating but also for a better understanding of the climate record and the role of climate in the carbon cycle as witnessed by the inverse correlation between ∆ 14 C and δ 18 O during the Bølling and Younger Dryas involving large changes in both ∆ 14 C and δ 18 O.
We restricted the use of INTCAL98 for Fourier analysis to the period from 7195 BC to avoid large gaps in the record (20-50 yr) prior to 7195 BC. Hopefully, it will be possible to fill these gaps. For other reasons discussed, the INTCAL98 data is not ideal for Fourier analysis. Nevertheless, the results are quite gratifying as can be seen in Figure 3 .
There is information in the hyperfine structure of the ∆ 14 C variations that can only be observed in high-precision single-year data. This includes high frequency components of the solar cycle as can be seen in Figure 4 . Such data can reveal information concerning the arrival of γ-rays from a supernovae explosion as shown in Figure 5 .
Also, the field of space physics, the study of radiation disturbances in space which is referred to as space weather, is becoming increasingly important. For example, a single solar flare can shut down an electrical grid, cause losing track of a fleet of Earth orbiting satellites or even cause the death of an astronaut outside the shelter of the Earth's magnetic field. If there were, as we believe, giant solar flares or sets of solar flares in the past that can be detected in 14 C records (Damon et al. 1989; Damon 1995, 1999) , single-year data will be required.
Moreover, it appears that coastal upwelling of deep ocean water releasing nutrients and 14 C depleted CO 2 is time dependent. Times of extremely high upwelling, sufficient to change the 14 C content of a prevailing air mass, could be dampened in decadal or bidecadal data. Ekman transport is wind driven and so interesting climate changes could be missed. In addition, single-year data can be merged into decadal data yielding increased precision.
